Background. Chikungunya virus (CHIKV) is a recently reemerged arbovirus responsible for a massive outbreak of infection in the Indian Ocean region and India that has a very significant potential to spread globally because of the worldwide distribution of its mosquito vectors. CHIKV induces a usually self-limited disease in humans that is characterized by fever, arthralgia, myalgia, and rash; however, cases of severe CHIKV infection have recently been described, particularly in adults with underlying condition and neonates born to viremic mothers.
these inhabitants developed severe disease, and 213 died [3] [4] [5] [6] [7] . A vast CHIKV infection outbreak also emerged in India in 2006, with an estimated 1.4 million cases [8] [9] [10] . Of note, CHIKV has a very significant potential to spread globally because of the worldwide distribution of its mosquito vectors [11, 12] , as exemplified by its recent emergence in Italy [13] .
CHIKV is maintained in nature by uninterrupted cycles of transmission between mosquito vectors and so far unidentified vertebrate hosts [14] . Classically, CHIKV infection is characterized by fever, polyarthralgia, and myalgia, frequently associated with rash. The joint symptoms, often debilitating, usually resolve within 7 days to a few weeks, but relapsing arthralgia is frequent [15] . During the outbreak on La Réunion Island, previously unreported severe forms of infection caused by CHIKV were observed that were characterized by the occurrence of encephalopathy, notably in elderly patients and adult patients with underlying conditions [16] . Mother-to-child transmission of the virus was also reported; vertical transmission was observed in ∼50% of the neonates born to viremic mothers [17] . In half of infected neonates, a severe infection developed, with encephalopathy being the most common manifestation (90%) [17, 18] .
To study the pathophysiology of Chikungunya, we developed mouse models of CHIKV infection [19] . We showed that, whereas wild type (WT) adult mice do not develop a systemic infection after CHIKV intradermal inoculation, WT mouse neonates are susceptible to CHIKV, and that neonatal disease severity is age dependent. In contrast to WT adult mice, mice with a partially abrogated type-I interferon (IFN) pathway (IFN-a/bR +/Ϫ mice) develop a mild disease that closely mimicks benign human CHIKV infection. In contrast, adult mice with a totally abrogated type-I IFN pathway (IFN-a/bR Ϫ/Ϫ mice) develop severe infection. In these mouse models, infection leads to viremia, and CHIKV is recovered from skeletal muscles, joints, and skin-a tissue tropism matching the symptoms observed in humans and similar to that observed in biopsy samples from human patients [19] . In adult IFN-a/bR Ϫ/Ϫ mice and in neonates, severe CHIKV disease is associated with high viral load in peripheral tissues and dissemination to the central nervous system (CNS) [19] . In agreement with these results, CHIKV and anti-CHIKV immunoglobulin (Ig) M have been detected in the cerebrospinal fluid of human neonates and adult patients with encephalopathy [20] .
To date, there is no effective treatment for CHIKV infection. Human polyclonal antibody preparation and viro-inactivated hyperimmune serum are commonly used for the treatment of human viral infections [21] [22] [23] . Administration of human Ig against West Nile virus (an arbovirus of the Flaviviridae family) improves neurological virus-associated disease in humans [24, 25] , and passive immunization with convalescent serum from animals infected with alphaviruses has had a protective effect in animal models [26, 27] .
Because of the likely future expansion of the area of transmission of CHIKV, it is now critical to develop prophylactic and therapeutic strategies, especially for individuals at risk of severe disease, such as exposed neonates and infected adults with underlying conditions. Here, we show that human Ig purified from plasma samples from donors in the convalescent phase of CHIKV infection (hereafter referred to as CHIKVIg) exhibits a potent preventive and curative effect against CHIKV infection in mouse models of CHIKV. Because the CHIKVIg production process is used for producing purified polyvalent Ig commercialized under the brand Tégéline, it is possible to use CHIKVIg in humans for prevention and treatment, especially in individuals at risk of severe CHIKV disease.
MATERIALS AND METHODS

Virus.
The CHIKV-21 isolate was obtained from a serum sample from a male newborn with CHIKV-associated enceph-alopathy during the 2005-2006 outbreak of CHIKV infection in La Réunion and was amplified on C6/36 cells [6] . Titers of virus stocks were determined by Vero cell plaque assay and were expressed as plaque-forming units (PFU) per mL.
Plasma collection. For the immunoreactivity study, human plasma samples collected by Etablissement Français du Sang were obtained from donors ( ) who were selected with n p 80 the following inclusion criteria: (1) a reported clinical episode of febrile arthralgia evocative of CHIKV infection during the outbreak in La Réunion, (2) the absence of chronic joint or muscle symptoms to exclude patients with chronic joint or muscle disease, and (3) at least a 6-month delay between the end of acute disease and obtainment of samples. Exclusion criteria were those requested by European regulations, which include a serologic examination positive for human hepatitis A, B, and C viruses; human immunodeficiency virus types 1 and 2; human T cell leukemia virus types 1 and 2; and parvovirus B19.
For the manufacturing of CHIKVIg, plasma samples (n p ) were collected by La Réunion regional Etablissement Fran-583 çais du Sang from donors in the convalescent phase of CHIKV infection. Inclusion criteria were the same as those used in the aforementioned immunoreactivity study, in addition to positivity for anti-CHIKV antibodies by enzyme-linked immunosorbent assay (ELISA). Exclusion criteria were having a sample that was reverse-transcriptase polymerase chain reaction positive for CHIKV [28] , in addition to the criteria of the aforementioned preliminary study.
Ig purification. Normal human Ig for intravenous administration (Tégéline) is a highly purified preparation obtained from plasma donors registered in France since 1996 [29] . Although Tégéline is obtained from plasma donors in continental France, where CHIKV is absent, after the outbreak in La Réunion, the Etablissement Français du Sang implemented measures to prevent CHIKV transmission by transfusion in continental France, and all symptomatic travelers returning from areas where CHIKV circulates are excluded from donation for 2 weeks. Tégéline exhibits no immunoreactivity against CHIKV, both in IgG-ELISA and neutralization assays. CHIKVIg was purified after the Tégéline manufacturing process from a pool of 583 plasma samples from donors vaccinated against CHIKV and from plasma for fractionation that was used by the Laboratoire Français du Fractionnement et des Biotechnologies to manufacture plasma-derived therapeutic products, including human Ig and coagulation factors. In brief, Tégéline and CHIK-VIg were prepared from plasma by fractionation and purification steps, including filtrations. The purification process results in a 50-g/L human IgG preparation purified at 97%.
ELISA and virus neutralization assay. All plasma samples were tested for antibodies specific for CHIKV by an IgG sandwich method, as described elsewhere [30] . Plasma samples were tested in parallel with CHIKV antigen and with a control (i.e., mock-infected Vero E6 cells). The results were considered to be positive if the optical density (OD) ratio (OD of CHIKV antigen divided by the OD of control antigen) was 13. The CHIKV neutralizing antibody titer was determined using a plaque-reduction assay and was expressed as the highest dilution inducing at least 80% plaque reduction.
Mouse experiments. IFN-a/bR Ϫ/Ϫ 129s/v mice were provided by F. Tangy from M. Aguet [31] , and 8-9-day-old C57BL/ 6 mice (B6) were obtained from Charles River laboratories (France). Mice were handled in accordance with the Institut Pasteur guidelines for animal husbandries and were kept in level 3 isolators. Mice were inoculated by the intradermal route in the ventral thorax with 50 mL (for adult mice) or 30 mL (for neonates) of a viral suspension diluted with phosphate-buffered saline (PBS). For passive transfer of human immune plasma A, B, and C or CHIKVIg, adult mice and mouse neonates were intraperitoneally injected with 0.5 mL and 0.2 mL, respectively, of the indicated doses immediately or at different times after CHIKV inoculation. The maximal practical dose was 830 mg/ kg for adult mice and 2000 mg/kg for mouse neonates. Differences in outcome were assessed by comparing Kaplan-Meier survival curves with use of the log rank test.
For determining viral load in tissue and serum samples, tissue samples were homogenized, and virus titers were determined on Vero cells by tissue cytopathic infectious dose 50 (TCID50). Viral titers in tissue and serum samples were expressed as TCID50/g or TCID50/mL, respectively.
RESULTS
Immunoreactivity to CHIKV of human plasma samples from donors in the convalescent phase of CHIKV infection.
In the first step, the presence of anti-CHIKV Ig was assessed in 80 regular blood donors from La Réunion who reported a history of clinical manifestations evocative of CHIKV infection during the outbreak in La Réunion. Plasma samples were collected from September through October 2006. The delay between the clinical episode and donation was at least 6 months. In addition to mandatory viral screenings (see Methods), all plasma samples were controlled negative for CHIKV RNA by reverse-transcrip-tase polymerase chain reaction. In a subgroup of 80 donors, 71 (88.7%) had anti-CHIKVIg detected by sandwich ELISA at the time of plasma sample obtainment. Of the 71 plasma samples positive by ELISA, 85.9% displayed an in vitro neutralization activity, with titers of 20-160, whereas 4.2% displayed high neutralization titers (1320), and 9.9% exhibited no neutralization activity (!20) ( figure 1A) . To determine whether ELISA and neutralization titers correlated, 27 randomly selected samples were assayed. ELISA titers in plasma samples were 500-2000 and did not correlate with neutralization titers ( figure  1B) .
In the second step, we selected 583 blood donors who re- P ! .001 Passive administration of CHIKVIg to IFN-a/bR Ϫ/Ϫ adult mice infected by intradermal route with 10-10 6 PFU of CHIKV. Antibodies were administrated as a single dose via intraperitoneal route immediately after CHIKV injection. Data correspond to 7 mice per condition in mean. Statistical differences were not significant, at . C, Passive administration with different amounts of CHIKVIg to IFNa/bR Ϫ/Ϫ adult mice infected by intradermal route with 10 P 1 .9 PFU of CHIKV. Nondiluted CHIKVIg (25 mg; 830 mg/kg) or diluted CHIKVIg (from 1:2 [12.5 mg; 415 mg/kg] to 1:128 [0.195 mg; 6.5 mg/kg]) were administered as a single dose via intraperitoneal route immediately after CHIKV injection. Data correspond to at least 10 mice per condition. Statistical differences in the comparison with PBS controls were as follows: CHIKVIg (25 mg) and CHIKVIg 1:2-1:32, ; CHIKVIg 1:64 and 1:128, . D, Viral titers in P ! .001 P 1 .9 tissue and serum samples from mice inoculated with 10 6 PFU of CHIKV via the intradermal route and injected with PBS, normal IgG, or CHIKVIg. Mice were sacrificed at the indicated times, and the amount of infectious virus in serum and tissue samples was quantified by tissue cytopathic infectious dose 50 (TCID50). Each data point represents the arithmetic deviation for at least 4 mice. A broken line indicates the detection threshold. mean ‫ע‬ standard ported a clinical episode of CHIKV infection that was confirmed by serologic examination positive for CHIKV. Human plasma samples obtained from these donors were used to manufacture CHIKVIg, as described in Methods. These purified Ig, obtained in accordance with the validated process used to produce the commercially available human polyvalent Ig for intravenous Tégéline, exhibited immunoreactivity both in ELISA and in neutralization assays, whereas Tégéline, used here as a negative control, exhibited no immunoreactivity against CHIKV (table 1) . 5/5 adult mice. We then tested the protection conferred by human immune plasma samples against CHIKV infection. We first evaluated their efficacy to prevent fatal infection in IFN-a/bR Ϫ/Ϫ adult mice. From the 27 human plasma samples selected, we chose 2 samples with different immunoreactivity patterns against CHIKV: plasma sample A (a nonimmune control human sample devoid of anti-CHIKV immunoreactivity by ELISA and neutralization assay), plasma sample B (a sample from a donor in the convalescent phase of CHIKV infection that had a high ELISA titer but low neutralizing activity), and plasma sample C (a sample that exhibited a low ELISA titer but high neutralizing activity) (table 1) .
Prophylaxis studies with human immune plasma samples and CHIKVIg in IFN-a/bR
We first evaluated the innocuousness of these plasma samples by injecting mice intraperitoneally with 0.5 mL of nonimmune (A) or immune plasma samples (B or C). All mice remained alive and healthy (data not shown). We then injected IFN-a/ bR Ϫ/Ϫ adult mice with a lethal dose of CHIKV (10 PFU) [19] intradermally with a single dose of 0.5 mL of plasma by intraperitoneal route. Immune plasma with high neutralizing activity (C) or low neutralizing activity (B) completely protected IFN-a/bR Ϫ/Ϫ adult mice against a lethal dose of CHIKV ( figure  2A) . In contrast, administration of nonimmune plasma (A) did not provide protection ( figure 2A) . These data indicate that passive transfer of human immune plasma samples to highly permissive mice is protective against CHIKV infection.
We then tested the protection conferred by CHIKVIg. IFNa/bR Ϫ/Ϫ adult mice injected with 0.5 mL (25 mg) of CHIKVIg or Tégéline alone remained alive and healthy (data not shown). As observed with human immune plasma, injection of 0.5 mL (25 mg; 830 mg/kg) of CHIKVIg to mice simultaneously inoculated with a lethal dose of CHIKV (10 PFU) protected against lethal infection, whereas injection of the same dose of Tégéline had no effect ( figure 2A) .
We assessed the effect of CHIKVIg against infection with 10-10 5 -fold higher inoculums of CHIKV (i.e., 10 2 -10 6 PFU). As observed with the 10-PFU dose, CHIKVIg protected 100% of mice against infection with 10 3 PFU and still protected 180% of the animals at higher doses of virus, including the highest dose of 10 6 PFU ( figure 2B ).
We then investigated the effect of lower doses of CHIKVIg on CHIKV infection. Injection of undiluted CHIKVIg (25 mg; 830 mg/kg) completely protected mice against infection, and injection of an 8-fold lower dose (3.1 mg; 100 mg/kg) protected 160% of mice, whereas treatments with lower doses were less effective ( figure 2C) .
To evaluate the effect of CHIKVIg on viral amplification and dissemination in tissue, we determined viral load in tissue (liver, skeletal muscle, and CNS) and serum samples from of IFN-a/ bR Ϫ/Ϫ mice infected with 10 PFU of CHIKV and injected with CHIKVIg, Tégéline, or PBS on days 2 and 6 after infection. Treatment with CHIKVIg resulted in inhibition of viral amplification in tissue and prevented viremia ( figure 2D ). In contrast, treatment with Tégéline did not alter viral propagation in mice, and high levels of infectious virus were recovered from tissue and serum samples on day 2 after infection (as high as levels observed in mice that received PBS); all mice were dead by day 6 after infection.
Prophylaxis studies with CHIKVIg in WT mouse neonates. To assess the protective efficacy of passive immunotherapy against CHIKV infection in mouse neonates, we determined the efficacy of immune human plasma and of CHIKVIg to prevent CHIKV fatal infection in 8-9-day-old B6 mouse neonates. Similar to findings for IFN-a/bR Ϫ/Ϫ adult mice, intraperitoneal injection of 0.2 mL of nonimmune human plasma (A) and immune plasma (B), as well as CHIKVIg or Tégéline (10 mg; 2000 mg/kg), in mouse neonates had no toxic effect (data not shown). All infected neonates treated with a single dose of immune plasma B or CHIKVIg survived, whereas all mouse neonates treated with PBS, nonimmune plasma (A), or Tégéline that were inoculated intradermally with a lethal dose of CHIKV (10 6 PFU) died within 15 days after infection ( figure 3A) .
We then assessed the effect of lower doses of CHIKVIg on CHIKV infection in neonates. Treatment with a single dose of у0.6 mg (dilution, 1:16; 100 mg/kg) of CHIKVIg completely protected against infection ( figure 3B ). Treatment with lower doses was less effective, although injection of 0.1 mg (dilution, 1:64; 31 mg/kg) of CHIKVIg protected ∼60% of mouse neonates.
We also evaluated the effect of CHIKVIg on viral dissemination in tissue (liver, muscle, and brain) and serum of mouse neonates after infection with 10 6 PFU of CHIKV and treatment with CHIKVIg, Tégéline, or PBS on days 3 and 6 after infection. Tissue and serum samples obtained from mouse neonates treated with CHIKVIg demonstrated little or no detectable infectious virus at both day 3 and day 6 after infection, whereas tissue and serum samples from mice treated with Tégéline exhibited high viral loads on day 3 after infection that were maintained in muscle on day 6 after infection ( figure 3C) .
Therapeutic effect of CHIKVIg in adult and neonatal mice. Because of the lack of specific treatment for CHIKV infection that is available to date, we evaluated the therapeutic efficacy of CHIKVIg in IFN-a/bR Ϫ/Ϫ adult mice and in WT mouse neonates. Adult mice and mouse neonates were inoculated with 10 PFU and 10 6 PFU of CHIKV, respectively, at the time of infection and received a single dose (25 mg and 10 mg, respectively) of CHIKVIg by hours 8, 24, and 48 after infection. The latter time was omitted for IFN-a/bR Ϫ/Ϫ adult mice, because their mean survival time is only 3 days. In contrast to PBS, CHIKVIg injected by hour 8 after infection had a therapeutic effect both in all IFN-a/bR Ϫ/Ϫ adult mice and in all WT mouse neonates, and administration of CHIKVIg by hour 24 after infection protected again at least 50% of mice ( figure  4A and 4B ). Treatment of mouse neonates after hour 48 after infection had no significant effect on mortality or mean survival time.
DISCUSSION
CHIKV is a recently reemerged arbovirus with a high epidemic potential. The fear for a pandemic of CHIKV infection arises . B, Passive administration with P ! .001 different amounts of CHIKVIg to 8-9-day-old mice infected by intradermal route with 10 6 PFU of CHIKV. Nondiluted (10 mg) or diluted (1:2-1:128) CHIKVIg was administrated as a single dose via intraperitoneal route immediately after CHIKV injection. Data correspond to at least 12 mice per condition.
for statistical differences in the comparison of PBS P ! .001 controls with mice treated with CHIKVIg (10 mg) and CHIKVIg 1:2-1:128. C, Viral titers in tissue and serum samples from mice inoculated with 10 6 PFU of CHIKV via the intradermal route and injected with PBS, normal Ig, or CHIKVIg. Mice were sacrificed at the indicated times, and the amount of infectious virus in serum and tissue samples was quantified by tissue cytopathic infectious dose 50 (TCID50). Each data point represents the arithmetic deviation for at least 4 mice. A broken line mean ‫ע‬ standard indicates the detection threshold. from its possible dissemination by rapid long-distance travels and its transmissibility by urban mosquito vectors [32] . In humans, CHIKV produces a sudden debilitating disease because of its incapacitating joint symptoms. Moreover, CHIKV infection is a cause of neuropathology, particularly in elderly persons and neonates and can be fatal in these patients. There is currently neither specific treatment nor vaccine available for CHIKV infection. In this context, the development of prophylactic and therapeutic strategies for CHIKV infection is a priority.
During the course of CHIKV infection in humans, an antibody response develops in the early stages, but its persistence over time is not fully established [33] . Follow-up of healthy volunteers vaccinated with an attenuated CHIKV strain has provided evidence of persistence of significant antibodies with in vitro neutralizing activity after 12 months [33, 34] . In the present study, we provide evidence that, similar to what was observed in individuals vaccinated with an attenuated CHIKV strain, naturally infected individuals still have circulating neu-tralizing antibodies up to 12 months after acute CHIKV infection. In our study, the detection rate of anti-CHIKV antibodies by ELISA in 80% of donors results from the clinical criteria used for selecting the donors of the immunoreactivity study. Thus, in the context of a high prevalence of CHIKV infection (e.g., ∼33% of the Réunionese population) and a selection of plasma donors in the early postepidemic period, purified anti-CHIKVIg (exhibiting in vitro and in vivo neutralizing activities) can be obtained by applying the classical procedure used to produce the purified polyvalent Ig Tégéline to plasma samples from donors selected only on the basis of clinical criteria. This approach demonstrates the possibility to easily recruit donors and produce massive amounts of CHIK-VIg in the context of a vast epidemic.
A protective efficacy of Ig against alphavirus infections has been previously demonstrated in mice [26, 35, 36] . Here, we evaluated the efficacy of pre-and postexposure protection conferred by CHIKVIg in immunocompromised adult mice and immunocompetent mouse neonates. These mouse models of CHIKV infection exhibit the features characterizing severe human CHIKV infection [19] : in both models, a single dose of CHIKV immune human plasma or CHIKVIg inhibited viral dissemination and abrogated lethality associated with CHIKV when administered at least 8 h after infection, and the level of protection correlates with the amount of antibodies transferred. The fact that the dose of CHIKVIg that protected 100% of animals was higher for adult mice (830 mg/kg) than for mouse neonates (100 mg/kg) likely results from the higher susceptibility of the IFN-a/bR Ϫ/Ϫ mouse model. Indeed, the LD100 in WT mouse neonates is 10 6 PFU, and it is only 10 PFU in adult IFN-a/bR Ϫ/Ϫ mice; the mean survival time is shorter for adult IFN-a/bR Ϫ/Ϫ mice than for infected mouse neonates [19] . Nevertheless, total protection can be obtained regardless of the mouse IFN-a/bR Ϫ/Ϫ status and the age of animals. Moreover, CHIKVIg administration completely abolishes viral dissemination into serum and the brain and strongly alleviates liver and muscle infection. It is noteworthy that the 100-mg/kg dose of CHIKVIg did not completely inhibit viral replication in muscle of mouse neonates by day 6 after infection, although the 830-mg/kg dose abolished muscle infection in IFN-a/bR Ϫ/Ϫ mice. Indeed, we have previously shown that after intradermal injection, CHIKV is detectable first in liver and then in blood before reaching its peripheral target tissues: the muscles, joints, and skin [19] . In the present study, we found that CHIKVIg strongly restricts liver infection and viremia and totally blocks CHIKV dissemination to the CNS. These data suggest that liver infection and viremia precedes virus spreading to the CNS and that control of liver infection and viremia by anti-CHIKV antibodies is sufficient to prevent CNS infection. Similarly, it has been shown that administration of anti-West Nile virus anti-bodies in mice infected with West Nile virus prevents CNS infection [37, 38] .
Although both human plasma samples from donors in the convalescent phase of infection and CHIKVIg provide protection in mice, they exhibited different in vitro immunoreactivity to CHIKV. Indeed, human plasma B samples and CHIKVIg had low in vitro neutralizing activity, whereas human plasma C samples had high in vitro neutralizing activity. Numerous studies have shown the importance of neutralizing antibodies in recovery and protection from viral infections. In addition to the neutralization of virus-host interactions in vivo, protective antibodies can exert their beneficial effect via other mechanisms, such as antibody-dependent and complement-mediated cellular cytoxicity attributed to FcgR engagement. In this study, antibodies from plasma B samples, which had low neutralizing activity, conferred protection against CHIKV, as was previously shown for Venezuelan equine encephalomyelitis virus, for which FcgR engagement is thought to be essential [39] .
It is widely recognized that passive vaccination is an appropriate preventive and therapeutic option for many viral infections in human, including those spread by viral vertical transmission [23] . Indeed, antibody preparations derived from vaccinated human donors have been widely used for prophylaxis and therapy of human viral diseases, especially when no alternative therapy is available. In particular, hyperimmune human IgG is used as a standard prevention therapy of motherto-child transmission of hepatitis B and varicella-zoster viruses. Polyclonal Ig therapy has also been used with success for parvovirus B19, enterovirus, and West Nile virus infections [23] [24] [25] . Recently, severe acute respiratory syndrome coronavirus infections were treated with convalescent patient plasma containing anti-severe acute respiratory syndrome-coronavirus polyclonal antibodies [40, 41] , and purification of severe acute respiratory syndrome-coronavirus hyperimmune Ig from pooled convalescent plasma has also been reported [42] . Similar results have been reported for treating influenza A H5N1 infection in humans [43] . Furthermore, vaccine developments have frequently been based on previous reports of protection conferred by passive immunotherapy, thereby suggesting that a vaccine inducing a similar antibody response could be effective.
Altogether, our results suggest that antiviral prevention and therapy with CHIKVIg may constitute an effective medical intervention for humans with a known exposure to CHIKV who are at risk of severe disease. Prophylaxis with CHIKVIg could thus be recommended especially at birth for neonates born to viremic mothers, as well as for exposed heavily immunocompromised patients. Such a tailor-made immunotherapy development should be applicable to other emerging infectious agents for which neither treatment nor prevention is available.
